Polyomavirus large T antigen binds to multiple 5-G(A/G)GGC-3 pentanucleotide sequences in sites 1/2, A, B, and C within and adjacent to the origin of viral DNA replication on the polyomavirus genome. We asked whether the binding of large T antigen to one of these sites could influence binding to other sites. We discovered that binding to origin DNA is substantially stronger at pH 6 to 7 than at pH 7.4 to 7.8, a range often used in DNA binding assays. Large T antigen-DNA complexes formed at pH 6 to 7 were stable, but a fraction of these complexes dissociated at pH 7.6 and above upon dilution or during electrophoresis. Increased binding at low pH is therefore due at least in part to increased stability of protein-DNA complexes, and binding at higher pH values is reversible. Binding to fragments of origin DNA in which one or more sites were deleted or inactivated by point mutations was measured by nitrocellulose filter binding and DNase I footprinting. The results showed that large T antigen binds cooperatively to its four binding sites in viral DNA, suggesting that the binding of this protein to one of these sites stabilizes its binding to other sites via protein-protein contacts. Sites A, B, and C may therefore augment DNA replication by facilitating the binding of large T antigen to site 1/2 at the replication origin. ATP stabilized large T antigen-DNA complexes against dissociation in the presence, but not the absence, of site 1/2, and ATP specifically enhanced protection against DNase I digestion in the central 10 to 12 bp of site 1/2, at which hexamers are believed to form and begin unwinding DNA. We propose that large T antigen molecules bound to these multiple sites on origin DNA interact with each other to form a compact protein-DNA complex and, furthermore, that ATP stimulates their assembly into hexamers at site 1/2 by a "handover" mechanism mediated by these protein-protein contacts.
Polyomavirus large T antigen initiates DNA unwinding and replication via elaborate interactions with the viral replication origin (2) . Specific DNA binding by this 785-amino-acid protein is mediated by a domain that lies between amino acids 282 and 398, as defined by using deletion mutants (52) . Large T antigen binds to a target consensus pentanucleotide sequence, 5Ј-G(G/A)GGC-3Ј, which is present in multiple copies in the replication origin region between the early transcription start site and the transcriptional enhancer (4, 7, 8, 17, 42) . Immunoprecipitation and DNase I protection assays showed that four distinct sites on polyomavirus DNA, denoted 1/2, A, B, and C, are bound by large T antigen in vitro (7, 17, 42) . Site 1/2, which is situated within the core origin of DNA replication (23, 26, 28, 34, 43) , contains four closely spaced consensus pentanucleotide sequences arranged symmetrically as two partly overlapping pairs on opposite DNA strands (8, 9, 41, 49) . Sites A, B, and C are located between the core replication origin and the early transcription unit. These sites contain, respectively, two, two, and four target pentanucleotide sequences in polyomavirus strain A3 and its derivatives (1, 9, 43, 53) . Adjacent pentanucleotides are spaced approximately one turn of the DNA helix apart in each of these three sites, implying that large T antigen molecules bound to adjacent pentanucleotides are aligned on one side of the helix. Mutagenesis and methylation interference experiments showed that binding of large T antigen to adjacent pentanucleotides within a given site is cooperative, since removal of one pentanucleotide sequence from a site containing three sequences reduced binding affinity by a factor of 10 (8) . Large T antigen of closely related simian virus 40 shares extensive sequence homology with its polyomavirus counterpart and also recognizes G(A/G)GGC pentanucleotide sequences on DNA (40, 41) .
Large T antigen molecules can oligomerize; most preparations contain monomers, dimers, trimers, tetramers, and hexamers in solution (6, 10, 19, 44, 55) . Incubation with ATP stimulates hexamer formation (10, 44, 55) , presumably by inducing a conformational change in large T antigen. In the presence of ATP, two hexamers of simian virus 40 large T antigen assemble on viral DNA at site II in the simian virus 40 replication origin (10, 11, 30, 38, 59) ; each hexamer is centered on one of the pairs of closely spaced G(A/G)GGC sequences in site II (38) . It has been postulated, but not shown directly, that hexamers of polyomavirus large T antigen also assemble at analogous site 1/2 on polyomavirus DNA. Hexamers are circular structures that enclose the DNA like a wheel about an axle (48, 59) . Large T antigen hexamers unwind DNA in the replication origin, leading to the initiation of bidirectional DNA replication by cellular DNA polymerase ␣/primase, which is brought to the origin by interaction with large T antigen (33, 35) .
What is the role of polyomavirus large T antigen binding sites A, B, and C in viral DNA replication? Although these sites are not absolutely required to direct large T antigenmediated DNA replication in vivo (1, 34, 57) , their presence augments DNA replication in transfected plasmids (57) and is required for optimal virus replication in permissive mouse cells (1) . Large T antigen bound more strongly to sites A, B, and C than to site 1/2 in the absence of ATP (7, 17, 42) , but ATP strongly increased the affinity of large T antigen for DNAs containing site 1/2 (27) , probably by stimulating the formation of hexamers.
We decided to reexamine the binding of large T antigen to its multiple sites in the replication origin region of polyomavirus DNA by using target DNA fragments with point and deletion mutations. In the course of setting up DNA binding assays, we also studied the effects of pH and of ATP on binding. We found that specific binding to DNA is strong and stable at pH 7 and below but is weaker and reversible above pH 7.4 , that ATP stabilizes binding of large T antigen to DNAs that contain site 1/2, and that in the presence of ATP, large T antigen preferentially protects the central 10 to 12 nucleotides (nt) of site 1/2 against DNase I digestion. Using a variety of DNA binding conditions, we found that large T antigen binds cooperatively to its multiple sites in the replication origin. These observations suggest a model in which the assembly of hexamers of large T antigen at the replication origin is facilitated by the "handover" of reversibly bound large T antigen molecules from sites A, B, and C to site 1/2.
MATERIALS AND METHODS
Expression and purification of polyomavirus large T antigen. Yeast Pichia pastoris transformant E-3 was used to express large T antigen, which was purified by immunoaffinity chromatography as previously described (39) . After purification, large T antigen was the predominant protein species when visualized by silver staining of polyacrylamide gels. The quantity of large T antigen was determined both by comparison to protein standards visualized on silver-stained gels and by colorimetric analysis. Purified large T antigen was stored at Ϫ70°C in a buffer containing 10 mM potassium phosphate (pH 7.0), 50 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol, and 20% glycerol. As a control, a baculovirus expression system (45) was also used to produce large T antigen. Recombinant baculovirus vEV51LT stock was generated in Spodoptera frugiperda (Sf9) cells. Large T antigen was expressed in High Five cells in accordance with published methods (45, 46) and was purified as described previously (39) .
Construction of plasmids with mutations in the binding region for polyomavirus large T antigen. Polyomavirus strain AT3-Modori, generated by oligonucleotide-directed mutagenesis from strain AT3 (1), contains four additional restriction endonuclease sites flanking large T antigen binding sites A, B, and C (see Fig. 4A ). These sites were chosen to introduce minimal changes to viral DNA; in particular, no G(A/G)GGC consensus sequences were altered, and the distances between sites A, B, C, and 1/2 were unchanged. Plasmid pGEMModori contains AT3-Modori DNA cloned into the EcoRI site of plasmid pGEM-3Zf(Ϫ) (Promega). Two sets of mutants were generated as follows.
(i) Deletion mutants. Plasmid pGEM-Modori was digested with PstI, and the 623-bp fragment containing the origin region of polyomavirus DNA (nt 5179 to 5312 and 1 to 490) was cloned into the PstI site in the polylinker of pGEM3Zf(Ϫ), resulting in plasmid pGEM-1/2ABC(ϩ) or pGEM-1/2ABC(Ϫ), depending on the orientation of the insert. Plasmids containing individual binding sites or combinations of adjacent binding sites were derived from the parent plasmids by restriction cleavage, followed in some instances by blunt ending, and then religation (51) . These deletion mutant plasmids were named to describe the sets of binding sites they contain (see Fig. 4A ).
(ii) Point mutants. Point mutations were introduced individually into the consensus G(A/G)GGC binding sequences in binding sites A, B, and C within plasmid pGEM-Modori, as previously described (1) . Mutants were named to describe which sites were mutated (see Fig. 5A ); e.g., mAmB specifies a mutant in which the two G(A/G)GGC sequences in site A and the two G(A/G)GGC sequences in site B were mutated. Mutant A was named A1A2 by Bertin et al. (1) .
Preparation of 32 P-labeled DNA fragments. Using the plasmids described above as templates, DNA fragments were made by PCR. (i) Fragments containing the wild-type origin or deletion mutants were made from pGEM-1/2ABC and its derivatives by using primer 1 (M13 universal primer), 5Ј-GTAAAACGACG GCCAGT-3Ј, and primer 2 (M13 reverse primer), 5Ј-CAGGAAACAGCTATG AC-3Ј (see Fig. 4A ). These fragments ranged in size from 736 bp (wild type) to 147 nt (site A alone). DNA products were internally labeled by incorporating (␣-32 P)dATP during PCR. These DNAs were used in filter binding assays.
(ii) A set of 265-bp DNA fragments containing the wild-type origin or mutated binding sites were made from plasmid pGEM-Modori and its derivatives by using primer 3, 5Ј-GTTCTAGCAGCCTTTCTTTG-3Ј (polyomavirus nt 220 to 201), and primer 4, 5Ј-GTGTGGTTTTGCAAGAGGAAG-3Ј (polyomavirus nt 5267 to 5287) (see Fig. 5A ). DNAs were either internally labeled as described above or end labeled at nt 5267 by incubating primer 4 with (␥-32 P)ATP and T4 polynucleotide kinase before use in PCR. These DNAs were used for filter binding assays, for gel mobility shift assays, and for DNase I footprinting assays. All PCR-generated DNA fragments were purified by agarose gel electrophoresis and were quantitated by measurement of radioactivity.
Filter binding assay. A procedure, modified from previously published methods (5, 24, 27) , for binding of DNA to nitrocellulose filters was utilized. Purified large T antigen was incubated with 32 P-labeled DNA fragments in 60 l of a binding solution containing 50 mM NaCl, 7 mM MgCl 2 , 83 g of bovine serum albumin per ml, 1 mM dithiothreitol, 2 mM phenylmethylsulfonyl fluoride, 10 ng of aprotinin/ml, and 17 g of sheared salmon sperm DNA per ml. Buffers used were 50 mM sodium acetate (pH 5.0 to 5.6), 50 to 100 mM potassium phosphate (pH 6.0 to 7.6), and 50 to 100 mM Tris-HCl (pH 7.0 to 8.5). ATP (Boehringer Mannheim or Pharmacia), when used, was dissolved in distilled water, and the pH was adjusted with K 2 HPO 4 or NaOH. After incubation at 37°C for 20 to 25 min, the mixtures were filtered by capillary flow through 13-mm-diameter nitrocellulose filters (BA-85; 0.45-m pore size; Schleicher & Schuell) that had been boiled in 0.8% sodium dodecyl sulfate, washed in water, and presoaked in washing buffer (5 mM MgCl 2 , 100 mM NaCl, and 50 mM sodium acetate, potassium phosphate, or Tris-HCl adjusted to the pH values corresponding to those used for binding reactions). The filters were then washed with 2 ml of washing buffer and dried, and bound radioactivity was measured by liquid scintillation counting. Bound DNA was expressed as the percentage of input radioactivity remaining bound to the filter.
DNase I footprinting assay. Binding reactions were set up as described for the filter binding assays. In a volume of 70 l, 0.4 to 0.6 g of large T antigen and 20 fmol of labeled origin DNA were incubated for 20 min at 37°C in Tris-HCl buffer (pH 7.0 to 7.4). ATP (1 mM) was included in the reaction mixture when indicated. The reaction mixture was then added to 5 l of a solution containing 5 mM CaCl 2 , 10 mM MgCl 2 , and 10 g of sheared salmon sperm DNA/ml. After incubation of the reaction mixture for 1 min at room temperature, 0.02 to 0.05 U of DNase I (GIBCO/BRL) was added. Digestion was allowed to proceed for 1 min at room temperature and was terminated by adding 70 l of a solution consisting of 100 mM EDTA, 2 M ammonium acetate, 0.2% sodium dodecyl sulfate, and 100 g of calf thymus DNA/ml. DNA was extracted with phenolchloroform and subjected to electrophoresis on 12% polyacrylamide-8 M urea gels, which were dried and exposed to X-ray film or to storage phosphor screens that were analyzed in a Molecular Dynamics PhosphorImager.
Gel mobility shift assay. 32 P-labeled DNA was incubated with large T antigen at 37°C for 20 min in 60 l of a binding solution containing 50 mM potassium phosphate (pH 6.0 or 7.6), 7.5% glycerol, and the other components described above. Where indicated, glutaraldehyde was added at a concentration of 0.1% and incubation was continued for an additional 5 min. Samples were directly loaded onto 5% polyacrylamide gels, and electrophoresis was carried out in 50 mM potassium phosphate buffer (pH 6.0 or 7.6) containing 1 mM EDTA for 1.5 to 3 h at 100 V. The gels were dried and exposed to X-ray film.
RESULTS
Specific origin-binding activity of polyomavirus large T antigen is enhanced at pH 7 and below. We wanted to quantitate the binding of purified polyomavirus large T antigen to DNA fragments containing the multiple G(A/G)GGC consensus pentanucleotide sequences present in the region of the polyomavirus replication origin. Binding of protein-DNA complexes to nitrocellulose filters is a simple, rapid, and easily quantifiable method of measuring protein-DNA binding (5, 12, 24, 27) . We simplified the binding solution such that it included only NaCl, MgCl 2 , a reducing agent, and a buffer, in addition to protease inhibitors and nonspecific competitor DNA (see Materials and Methods). To characterize our DNA binding assay, we examined the influence of different components on the binding reaction. The pH of the solution was varied between 5.0 and 8.5 by the use of different buffers, and filter binding of a 736-bp 32 P-labeled polyomavirus origin DNA fragment containing the four binding sites for large T antigen, 1/2, A, B, and C (1, 7), was determined both in the presence and in the absence of large T antigen (Fig. 1A) . Optimal binding was observed between pH 5.6 and 7.0, with a maximum at pH 6.0, and binding activity fell off sharply at pH 7.6 or higher.
Previous DNA binding assays of polyomavirus or simian virus 40 large T antigen were carried out at various pH values between 7 and 8 (5, 12, 27, 30, 41, 42, 49, 54) . Although differences in binding to nonspecific (18, 32, 36) or specific (12) DNAs were noted, no systematic study of the variation of DNA binding with pH has been published. Since polyomavirus large T antigen purified from P. pastoris had not been previously characterized, we asked whether an increase in DNA binding at a pH below 7 was peculiar to this source. We therefore purified polyomavirus large T antigen made in insect cells by a recombinant baculovirus (45) which has been used extensively in other studies (2, 27, 29, 55, 56) and measured its DNA binding activity as a function of pH; the results (not shown) were similar to those shown in Fig. 1A . To determine whether increased binding at low pH is specific for DNA containing binding sites for large T antigen, we performed filter binding assays with DNAs either containing or lacking G(A/G)GGC consensus sequences. The results showed that binding to nonspecific DNA increased as the pH was lowered but remained less than 2% of the input DNA at pH 7.0 and less than 10% of the input DNA at pH 6.0 under conditions in which 70 to 90% of the specific DNA was bound (data not shown). Furthermore, we carried out DNase I footprinting assays at different pH values and found that binding of large T antigen to origin DNA at pH values between 6.0 and 7.6 gave discrete footprints (see below) similar to those previously reported (7, 27, 29) , although much higher concentrations of large T antigen were needed at pH 7.4 and above than at lower pH values. Figure 1B shows that as little as 5 ng of large T antigen per 60-l reaction volume was sufficient to bind to a fraction (12%) of a labeled polyomavirus origin DNA fragment when binding was carried out at pH 6.0, and binding was maximal at about 100 ng of large T antigen per reaction. In contrast, binding at pH 7.5 required substantially higher concentrations of large T antigen. The difference in binding affinity at pH 6.0 compared with that at pH 7.5 was estimated from the difference in the initial slopes of the two curves to be 10-to 20-fold. Clearly, the effect of pH on DNA binding by polyomavirus large T antigen is important and must be taken into account when binding studies are carried out.
Large T antigen-DNA complexes are stable at pH 6 to 7 but are unstable at pH 7.6. In previous reports, DNA binding by polyomavirus or simian virus 40 large T antigen could be detected by gel mobility shift assays only after fixation of protein-DNA complexes with glutaraldehyde (11, 31, 35) . The enhanced binding that we found at low pH encouraged us to try DNA band retardation with unfixed complexes by using a pH 6 buffer during electrophoresis. A 265-bp, 32 P-labeled DNA fragment containing all four binding sites was incubated with large T antigen in binding solutions containing potassium phosphate buffer at pH 6.0 or 7.6, and reaction mixtures were loaded onto a 5% polyacrylamide gel and subjected to electrophoresis in pH 6 buffer ( Fig. 2A) . When the binding reaction was carried out at pH 6 (lane 2), all of the radioactive DNA migrated as a band very close to the position of the loading well. Prior fixation of DNA-protein complexes with glutaraldehyde (lane 3) had no effect on the migration of these complexes. When the binding reaction was carried out at pH 7.6 (lane 5), surprisingly, the migration of all of the DNA was also retarded. However, prior fixation of these complexes with glutaraldehyde resulted in a very small proportion of the input DNA being present in the retarded band (lane 6).
We explain these results as follows. Complexes formed at pH 6 between target DNA and polyomavirus large T antigen were stable for the several hours during which they were subjected to electrophoresis at pH 6, resulting in a retarded DNA band. Complexes form less readily at pH 7.6, but when the pH 7.6 binding reaction mixture was loaded onto the pH 6 gel (lane 5), the pH of the reaction dropped before electrophoresis began, allowing stable DNA-protein complexes to form at the lower pH of the loading well. On the other hand, glutaraldehyde fixation of large T antigen that had remained unbound (or not stably bound) to DNA at pH 7.6 eliminated its ability to bind to DNA, leading to reduced binding after the reaction mixture was loaded onto the pH 6 gel (lane 6).
We also prepared binding reaction mixtures at either pH 6 or pH 7.6 and subsequently loaded them onto a 5% polyacrylamide gel run in pH 7.6 buffer (Fig. 2B ). When binding was carried out at pH 6, some DNA remained in the retarded band but most of the DNA-protein complexes dissociated during electrophoresis, leading to a smear of radioactive DNA between the positions of the free and the bound DNA (lanes 2 and 3). Very little retarded DNA was seen when binding was carried out at pH 7.6 (lanes 5 and 6). These results show that much of the large T antigen that had initially bound to DNA at pH 6 dissociated when the complexes were exposed to a pH 7.6 environment. Therefore, we conclude that large T antigen-DNA complexes are stable at pH 6 but are unstable at pH 7.6, dissociating on extended incubation at that pH in the absence of free large T antigen. The increased stability of large T antigen-DNA complexes at low pH may explain the more efficient binding of this protein to DNA at these pH values.
ATP does not affect DNA binding at pH 7 or below but stabilizes a fraction of large T antigen-origin DNA complexes at high pH. ATP was shown to increase the affinity of polyomavirus large T antigen for DNA fragments within the viral replication origin when binding was done at pH 7.8 (27) . Because we found that the affinity of large T antigen for origin DNA was significantly greater below pH 7 than at higher pH values, we decided to test the effect of ATP on DNA binding as a function of pH, using the nitrocellulose filter binding assay. Binding to origin DNA was stimulated twofold by 5 mM ATP in Tris-HCl buffer at pH 7.8 under our binding conditions, in agreement with previous results (27) ; however, we could detect no stimulation of binding by ATP in Tris-HCl buffer at pH 7.0 or in potassium phosphate buffer at pH 6.0 when using a variety of different concentrations of large T antigen (10 to 100 ng per reaction) or ATP (0.1 to 5 mM) (data not shown).
Since we had shown that large T antigen-DNA complexes were unstable at pH 7.6 but stable at pH 6, we asked whether ATP acted by stabilizing protein-DNA complexes at high pH values. We assembled complexes at pH 7.0 and subsequently diluted samples 16-fold into pH 7.0 or pH 7.8 buffer containing a 100-fold excess of unlabeled target DNA, in the presence or absence of 5 mM ATP. Aliquots either were filtered immediately (within 2 min) upon dilution or were incubated at 0°C for various periods of time before filtration to measure the amount of DNA remaining bound by large T antigen. Figure 3A ( uppermost curve) shows that large T antigen-DNA complexes that formed at pH 7 were relatively stable after dilution into pH 7 buffer; only 4% of these complexes dissociated within 2 min of dilution, and 29% dissociated during a subsequent 2-h incubation in pH 7 buffer at 0°C.
Dilution of complexes into pH 7.8 buffer in the absence of ATP (bottommost curve) led to a rapid dissociation of one-half of the complexes formed at pH 7, consistent with the results of the gel mobility shift assays described above. The remaining complexes remained intact but subsequently dissociated, with a half-life of approximately 3 h. When dilution into pH 7.8 buffer was carried out in the presence of ATP (middle curve), a fraction of the large T antigen-DNA complexes were protected from rapid dissociation. In this experiment (Fig. 3A) , 50% of the complexes that formed at pH 7 dissociated after dilution to pH 7.8 in the absence of ATP while only 28% of the complexes dissociated in the presence of ATP. Therefore, about two-fifths (22 of 50) of the complexes that dissociated rapidly on dilution to pH 7.8 were protected against dissociation by ATP. This population of ATP-protected complexes, however, subsequently dissociated more rapidly than the remaining complexes and had almost completely disappeared after 2 h at 0°C (half-life, 1 h).
Stabilization of complexes by ATP depends on the presence of site 1/2. ATP stimulates the formation of hexamers of both polyomavirus and simian virus 40 large T antigens in the absence of DNA (10, 55) . The stimulatory effect of ATP on binding of simian virus 40 large T antigen to target DNAs has been ascribed to the formation of hexamers on DNA (5, 12, 27) . Hexamer formation is specific to binding site II on simian virus 40 DNA (7, 25, 37) , which is analogous to site 1/2 on polyomavirus DNA (16, 21) . We therefore postulated that the fraction of protein-DNA complexes protected from dissociation by ATP consists of hexamers formed on the DNA upon dilution of complexes from low to high pH in the presence of ATP. If this were the case, complexes made with a target DNA lacking site 1/2 should not be protected by ATP from dissociation upon dilution to a high pH, since hexamers would not be expected to form on such DNA. The results of such an experiment are shown in Fig. 3B and C. Protein-DNA complexes containing sites A, B, C, and 1/2 formed at pH 6 ( Fig. 3B) were very stable when diluted into pH 6 buffer (uppermost two curves) and nearly as stable when diluted into pH 7.0 buffer (middle two curves). ATP had little effect on these complexes when present during dilution to pH 6 or 7. However, ATP protected a fraction of the complexes from rapid dissociation on dilution in a pH 7.8 buffer (bottommost two curves), in agreement with the results shown in Fig. 3A . In a parallel experiment carried out with a target DNA containing only sites A, B, and C, more than one-half of large T antigen-DNA complexes dissociated on dilution to pH 7.8, but ATP did not protect these complexes from dissociation (Fig. 3C) . Similar results were obtained when using other DNAs containing various combinations of binding sites A, B, and C but lacking site 1 to 3) or pH 7.6 (lanes 4 to 6). Glutaraldehyde (Glu; 0.1%) was added to reaction mixtures 3 and 6, and incubation was continued for an additional 5 min. All reactions were analyzed on a 5% polyacrylamide gel prepared and run in potassium phosphate buffer, pH 6.0. (B) One nanogram of the same DNA fragment was incubated without large T antigen (lanes 1 and 4) or with 50 ng (lanes 2 and 5) or 100 ng (lanes 3 and 6) of large T antigen at pH 6.0 (lanes 1 to 3) or pH 7.6 (lanes 4 to 6). Electrophoresis was carried out in potassium phosphate buffer, pH 7.6. 1/2 (data not shown). These results suggest that the stabilizing effect of ATP on large T antigen-DNA complexes upon dilution to pH 7.8 is due to the formation of hexamers of large T antigen at site 1/2 on a fraction of the target DNA molecules.
Binding of large T antigen to origin DNA fragments containing one or more adjacent binding sites. Having defined the optimal conditions for DNA binding assays, we proceeded to ask whether polyomavirus large T antigen binds independently or cooperatively to its multiple target sites in the polyomavirus origin region. In a first set of experiments, we prepared target DNAs from which one or more of sites 1/2, A, B, and C were deleted (Fig. 4A) and measured binding as a function of the concentration of large T antigen by using the filter binding assay at pH 6.0, in the absence of ATP. Under these conditions, binding to the wild-type origin region reached a maximal value of 85% (Fig. 4B) ; half-maximal binding was achieved with 50 ng of large T antigen per 60-l reaction volume. Binding to DNA containing only site A or site B was barely detectable; each of these sites contains only two G(A/G)GGC consensus binding sequences, and previous studies using such sites also showed inefficient binding (4, 7, 60) . However, fragment AB, containing both site A and site B, had about a 10-fold-higher affinity for large T antigen than A or B separately. Fragment C, which contains four G(A/G)GGC consensus sequences, showed about the same affinity for large T antigen as fragment AB. These results show that large T antigen binds cooperatively to its multiple binding sites in the region of the replication origin. Binding of large T antigen is some 50-fold stronger to DNA containing all four sites than to DNA containing only site A or B and is fivefold stronger to the former than to DNA containing only site C. We also measured DNA binding at pH 7.0 in Tris-HCl buffer for most of the deletion mutants described in Fig. 4A (data not shown) . Although the overall level of binding was lower, the relative affinities of binding to the different DNAs were the same as those shown in Fig. 4B .
Binding of large T antigen to DNA targets containing mutated binding sites. One drawback of the use of deletion mutants as shown in Fig. 4 is that the DNA fragments used have different sizes (ranging from 147 to 736 bp) and contain different flanking sequences; these differences could affect binding affinities. We tested binding to PCR-generated DNA fragments of different sizes and detected no major differences (data not shown). However, the availability of DNAs containing point mutations in the G(A/G)GGC consensus sequences within sites A, B, and C (1) allowed us to determine the binding strengths Mixtures were filtered after incubation at 0°C for the indicated periods of time, and filters were washed with the dilution buffer. Results are expressed as percentages of protein-DNA complexes remaining of those originally present in undiluted 60-l aliquots of the pH 7.0 binding reaction mixtures. (B) A similar experiment was carried out, except that the initial binding was carried out in 100 mM potassium phosphate buffer, pH 6.0, and dilution was in potassium phosphate buffer at pH 6.0 or in Tris-HCl buffer at pH 7.0 or 7.8. (C) A 32 P-labeled 260-bp DNA fragment containing binding sites A, B, and C but lacking site 1/2 was incubated with large T antigen at pH 6.0 as described for panel B and then diluted with pH 6.0 or 7.8 buffer as indicated. Error bars show the maximum difference in radioactivity retained on filters when using duplicate samples. Error bars are omitted from the overlapping curves in panel B for the sake of clarity but are similar to those shown on the lower curves.
of a set of DNA targets identical in size and sequence except for a small number of nucleotide substitutions (Fig. 5A ). This set of DNAs also allowed the determination of the binding strengths of combinations of sites different from those of the collection of deletion mutants; all of these DNA fragments contain an intact site 1/2.
Mutation of either site A, B, or C (mA, mB, or mC) reduced binding of large T antigen to the origin DNA fragment by only 1.3-to 1.6-fold (Fig. 5B) , as measured by the ratios of large T-antigen concentration at half-maximal binding. It is of interest that mA and mC had nearly identical binding strengths; only two G(A/G)GGC sequences are mutated in mA, but four are mutated in mC, and the results in Fig. 4B showed that site C alone binds much more strongly than site A. This suggests that the proximity of sites affects the overall binding strength of the DNA fragment. Fragment mA contains a gap of some 70 nt between sites 1/2 and B, while the three sites (B, A, and 1/2) in mC are separated by only 25 to 30 nt each.
The double mutant mAmB bound significantly less strongly than either mA or mB. Fragment mAmB required a twofoldhigher concentration of large T antigen for half-maximal binding than did wild-type DNA; however, at a concentration of 100 ng of large T antigen per 60 l, fivefold more wild-type DNA than mAmB DNA bound. Thus, at low concentrations of large T antigen, the differences in binding strengths between wild-type DNA and either mAmB, mAmC, or mBmC were greater than at higher concentrations of large T antigen. Fragment mAmB also bound less strongly than did mC, although both mutants are missing four G(A/G)GGC sequences, and DNA fragments containing both sites A and B or site C alone had very similar binding strengths (Fig. 4B) . This difference may be due to a 100-nt gap between site C and site 1/2 in mutant mAmB that may render cooperative interactions less efficient.
DNAs containing only site A or site B in addition to site 1/2 (mBmC and mAmC) bound about sevenfold less strongly than DNA containing both sites A and B (mC). Thus, mutation of a weak binding site (B or A) strongly affected binding of large T antigen to the remaining sites on the target DNA. Finally, a DNA target containing only site 1/2 (mAmBmC) barely showed any binding to large T antigen at the highest concentration used. This experiment was carried out at pH 7.0 in Tris-HCl buffer, in the absence of ATP; similar results were obtained at pH 6, except that higher overall levels of binding were detected.
DNase I footprinting of mutant DNAs in the presence of large T antigen. Filter binding and gel retardation assays do not provide information on the occupancy of each of the binding sites on the various DNAs that we used. To understand more precisely the nature of the cooperative interactions between large T antigen and its binding sites, we carried out DNase I footprinting experiments (Fig. 6) with the mutant DNAs shown in Fig. 5A . This experiment was carried out at pH 7, using 400 ng of large T antigen per binding reaction, but essentially identical results were obtained at pH 7.4 with a higher concentration of antigen and at pH 6 with a lower concentration. The left half of Fig. 6 shows the footprints of three single mutants (mA, mB, and mC) in comparison to that of the wild-type origin. As expected, there was no protection against DNase I digestion in the mutated region of each DNA, but all other sites were protected to approximately the same degree as in the wild-type DNA. This agrees with the results presented in Fig. 5B , which showed that single mutations in these sites reduced the overall binding affinity for large T antigen by only a small amount.
The right half of Fig. 6 shows the footprints of double and triple mutants. It is instructive to examine the protection of site 1/2 in these four mutants and to compare it with that of wildtype DNA. There was little binding of large T antigen to site 1/2 in DNA of the triple mutant mAmBmC, as could be expected from examination of Fig. 5B . Protection of site 1/2 was strongly increased by the presence of site C, some 100 nt distant from site 1/2, in DNA of mutant mAmB. Mutants mAmC and mBmC showed only partial protection of site 1/2 and, furthermore, showed little protection of site B (in mAmC) or site A (in mBmC), even though these sites were intact in the target DNA. If we compare these patterns to the patterns for single mutants mA, mB, and mC, it is clear that binding of large T antigen to site B requires the presence of either site C or site A, and that binding to site A requires the presence of either site B or site C, in addition to site 1/2, which is present on all of these DNAs. These results further document the cooperative nature of the binding of large T antigen to polyomavirus origin DNA. In particular, they emphasize that optimal binding to site 1/2 requires the presence of either site C or sites A and B.
ATP specifically enhances protection against DNase I digestion of the central 10 to 12 bp of site 1/2. We then tested the effect of ATP on footprint patterns at pH 7.4, using the different mutant DNAs shown in Fig. 5A . In our initial experiments, we observed what appeared to be increased protection against DNase I digestion by 4 mM ATP throughout site 1/2 and decreased protection in sites A, B, and C. However, we found that 4 mM ATP reduced overall DNase I activity (perhaps by sequestering free Mg 2ϩ ), leading to increased levels of uncleaved DNA and decreased levels of cleaved DNA, particularly in regions close to the labeled end of the DNA (smaller DNA fragments). We therefore reduced the ATP concentration from 4 to 1 mM and titrated the amounts of DNase used in all reactions, so that similar levels of cleavage took place in the presence and absence of ATP, by making sure that the amounts of uncleaved, full-length DNA in all digested reaction mixtures were similar. Under these conditions, ATP had little or no effect outside of site 1/2 on wild-type DNA or any of the mutant DNAs. Sample results with mutants mAmB and mAmBmC are shown in Fig. 7A , and a PhosphorImager tracing of a gel lane containing mutant mC is shown in Fig. 7B . Precise alignment of the footprint pattern with the DNA sequence was achieved by digesting end-labeled DNA with different restriction endonucleases and comparing the migrations of those DNAs with the footprint patterns of the correspond- ing DNAs run in the same gel (results not shown); HpaII cuts between nt 9 and 10 on the bottom (labeled) strand, and SphI cuts between nt 32 and 33 on the same strand. Therefore, determination of the sites at which ATP altered protection of DNA by large T antigen was accurate to within 1 or 2 nt in this region.
Figures 7A and B show that ATP had distinct effects on different parts of site 1/2. At the early (left) side of site 1/2, a major DNase-sensitive site at nt 37 was not protected by large T antigen at this concentration in the absence of ATP. Binding in the presence of ATP led to protection at this site, but little or no enhancement of protection was evident in the adjacent region of site 1/2, between nt 35 and 22 (compare the thick and thin continuous lines in Fig. 7B ). This region contains one of the four GAGGC sequences in site 1/2. However, ATP strongly enhanced protection of the central region between nt 21 and 11, shown by the heavy bracket to the right of Fig. 7A and the more darkly shaded sequence in Fig. 7B . Furthermore, protection of the region from nt 10 and beyond (the more lightly shaded sequence in Fig. 7B ) was also enhanced, but to a lesser extent than in the central region. The central region contains two overlapping GGGGC consensus binding sequences and represents approximately one turn of the DNA helix. Similar results were obtained when the experiment was carried out at pH 7, but ATP had no detectable effects on footprint patterns at pH 6.0 (data not shown).
DISCUSSION
The results presented in this paper show that polyomavirus large T antigen binds in a cooperative fashion to its multiple target sites within and adjacent to the origin of DNA replication. Binding of large T antigen to sites A, B, and C facilitates binding to site 1/2, in the core replication origin, where hexamers presumably form to initiate unwinding and DNA replication. The presence of these auxiliary sites (1, 15, 57) near the origin may therefore allow initiation of DNA replication at substantially lower concentrations of large T antigen than would be possible in their absence.
No previous studies have attempted to quantitate binding of polyomavirus large T antigen to origin DNA in which individual binding sites were deleted or mutated. Binding to DNA fragments containing isolated site A, B, or C, or some combination of these sites, was first shown by immunoprecipitation of large T antigen-DNA complexes (7, 8, 42) . Site A in polyomavirus strain A2 contains three GAGGC pentanucleotide sequences (in strain A3 and derivatives used here, there are two pentanucleotides [1, 9, 43, 53] ); inactivation of any one of these three sequences by methylation at a single G residue reduced binding by large T antigen by a factor of about 10 (8) . This led Cowie and Kamen (8) to propose that large T antigen molecules bind cooperatively to the adjacent G(A/G)GGC sequences, approximately one helical turn apart, within an individual site (A, B, or C). These results, as well as those of DNase footprinting studies (7, 27, 39) , also suggested that each large T antigen molecule occupies approximately one helical turn when bound to target DNA and that the mutual interaction of these closely packed large T antigen molecules helps to stabilize their binding to DNA. The cooperative binding described in this paper involves molecules of large T antigen bound to sites that lie between 20 and 100 nt apart and in which G(A/G)GGC sequences are not always on the same DNA strand. Our results (Fig. 4 to 6) suggest that large T antigen bound to site A, B, C, or 1/2 can interact with large T antigen bound to any of the other sites.
We propose a model ( of the page. DNase I footprinting (references 7, 27, and 39 and this paper) showed that there are unprotected regions between each of the four sites, shown as DNA not covered by protein in the model. In addition, on binding of large T antigen, there is increased DNase I sensitivity at positions located between sites A, B, and C (Fig. 6) (2, 30) , consistent with the bending or distortion of the DNA helix that would be necessary to bring the various large T antigen molecules into contact with each other. However, we do not claim to know either the exact path of the DNA through this multiprotein complex or how stable such a complex would be in the cell.
We observed a strong pH dependence for the binding by large T antigen to specific DNA, from a maximum at pH 6 to nearly no detectable binding at pH 8.5. Previous in vitro binding studies were carried out at pH values between 7 and 8 (5, 12, 27, 30, 42, 49, 54) ; however, no quantitative data on the pH dependence of specific DNA binding by either polyomavirus or simian virus 40 large T antigen have been reported. Binding over the range of pH values tested (6.0 to 7.8) was specific for G(A/G)GGC sequences on DNA, and the patterns of DNase I-protected regions on origin DNA were similar (in the absence of ATP) across this pH range. Moreover, cooperative binding to the multiple binding sites on origin DNA was observed at all pH values tested. Stronger binding at low pH can be explained by increased stability of large T antigen-DNA complexes at low pH values, as shown by resistance to dissociation on dilution or during gel electrophoresis. Increased binding strength and increased stability of protein-DNA complexes at low pH allow more sensitive detection of large T antigen by nitrocellulose filter binding or gel retardation assays than was previously possible. Purification of large T antigen by binding to DNA at low pH and release from the DNA at high pH might also be possible. The pH effect should also be considered when interpreting any studies on biochemical activities of large T antigen mediated by DNA binding, since the decrease in binding strength as the pH rises is particularly steep in the range between pH 7.4 and 8.0, which is used in many binding and replication assays (5, 12, 27, 30, 49, 54) .
What might be the biological significance of the variation in binding as a function of pH? Most mammalian cells have an intracellular pH of 7.1 to 7.3, although values ranging from pH 6.8 to 7.5 have been measured (13, 47, 50) . Intracellular pH is regulated by Na ϩ /H ϩ antiport and by HCO 3 Ϫ exchange (20, 47, 50) . Regulation of a number of cellular processes, including cell spreading and attachment, DNA replication, and cellular proliferation, has been correlated with changes in intracellular pH or in the Na ϩ /H ϩ antiport activity (14, 20, 50) . At pH 7.2, the binding affinity of large T antigen for origin DNA is intermediate between its maximum, at pH 6.0, and its minimum, at pH 8 and above (Fig. 1A) . It is possible that polyomavirus DNA replication is responsive to changes in intracellular pH as a result of the pH dependence of the affinity of large T antigen for its DNA target. In particular, a lower intracellular pH may favor binding to origin DNA and therefore accumulation of a sufficient number of large T antigen molecules near the replication origin, and a higher pH may favor mobilization of these bound protein molecules and the formation of hexamers by a handover mechanism (see below).
Previous reports showed that ATP, in the presence of Mg 2ϩ , stimulated binding of both polyomavirus and simian virus 40 large T antigens to their respective origin DNAs when binding reactions were carried out at 37°C in pH 7.5 to 7.8 buffers (5, 11, 12, 27) . We confirmed that ATP stimulates binding of polyomavirus large T antigen to an origin DNA fragment at pH 7.6, when measured by the nitrocellulose filter binding assay, but found no effect of ATP on binding at pH 7 or below. We further found that a fraction of the protein-DNA complexes formed at pH 6 or 7 were protected from dissociation on dilution to pH 7.6 when ATP was present. This protective effect was seen when a DNA fragment containing the entire origin region was used, but it was not seen with fragments lacking site 1/2. ATP is required for generation of hexameric forms of simian virus 40 and polyomavirus large T antigen in solution or at the replication origin (30, 34, 55) ; hexamers of simian virus 40 large T antigen have been shown to form at site II (10, 59) , which is homologous to polyomavirus site 1/2 (16). It is likely that the effect of ATP on DNA binding results from its ability to stimulate hexamer formation at site 1/2. Hexamers may not form on DNA when the pH is below 7, either because of a changed protein conformation at low pH or because molecules of large T antigen are too tightly bound to G(A/G)GGC pentanucleotide target sequences on DNA and therefore cannot be released to form hexamers. Hexamer formation on shifting to a higher pH in the presence of ATP could stabilize protein-DNA complexes. Hexamers probably bind to DNA by topologically enclosing the DNA double helix within the central hole formed by the circular hexamer (48, 59 ) rather than by recognizing and interacting with specific nucleotides. The ATPstabilized complexes generated on dilution to high pH ( Fig. 3A and B) dissociated relatively rapidly, with a half-life of about 1 h. This could be due to instability of hexamers, but hexamers of simian virus 40 large T antigen were shown to be stable for several hours in vitro (10, 59) . Alternatively, hexamers may simply fall off the ends of the linear DNA fragments to which they are bound in our in vitro assay.
At pH 7.4, ATP specifically enhanced protection of the central 10 to 12 bp of site 1/2 when less-than-saturating concentrations of large T antigen were used (Fig. 7) . A previous study of the effect of ATP on the DNase I footprint pattern of wild-type polyomavirus origin DNA (27) showed increased protection of a region including sites A and 1/2 but did not detect specific enhancement in this part of site 1/2. However, those experiments were carried out under different conditions (a higher concentration of large T antigen; pH 7.8), and the opposite DNA strand was labeled, making it difficult to detect closely spaced DNase-sensitive bands in site 1/2.
Studies of the structure of polyomavirus origin DNA bound by large T antigen in the presence of 5Ј-adenylyl imidodiphosphate (AMPPNP), a nonhydrolyzable analog of ATP (2) to 22. These sites are located at the borders of the 10-to 12-bp region in the center of site 1/2 whose protection against DNase I digestion is enhanced in the presence of ATP. These KMnO 4 -sensitive sites may reveal distortion of the DNA helix at the edges of bound protein molecules. Taken together, our data and those of Bhattacharyya et al. (2) suggest that ATP, or AMPPNP, induces the formation of a complex of large T antigen that covers the central part of site 1/2 over a single turn of the DNA helix. In contrast, simian virus 40 large T antigen protects a larger region of the homologous site II against DNase I digestion (5, 38), and there are no KMnO 4 -sensitive sites generated at the equivalent positions in site II (2) . Simian virus 40 large T antigen has been shown to form double hexamers at site II via a cooperative process directed by the two halves of site II (38) . A single hexamer of polyomavirus large T antigen may form at the center of site 1/2. This is consistent with the different structures of these sites: in simian virus 40 site II, the central GAGGC pentanucleotides are separated by 1 nt, perhaps allowing the formation of a hexamer on each half of site II; however, in polyomavirus site 1/2, the central GGGGC pentanucleotides overlap by 2 nt (the 3Ј-terminal GC on each strand). Furthermore, simian virus 40 DNA replication begins at approximately the same site on each DNA strand (22) , while polyomavirus DNA replication begins near nt 30 on the early strand but some 16 nt beyond (nt 46) on the late strand (23) . Therefore, it is possible that a single hexamer forms at site 1/2 and begins DNA unwinding and replication in the early direction, with the formation of a second hexamer occurring once replication has begun. This would also account for the unidirectional rolling-circle replication known to take place in polyomavirus (3). Such unidirectional replication could result from the progression of a single replication fork if the second hexamer were not assembled.
The cooperative binding of large T antigen to its multiple target sites on origin DNA, coupled with the reversibility of binding at intracellular pH values, suggests a model for the pathway of assembly of hexamers of large T antigen leading to the initiation of DNA replication at the origin (Fig. 9) . This model proposes that monomers of large T antigen bind cooperatively to DNA via interactions with the G(A/G)GGC pentanucleotides in all four sites, forming a complex similar to that shown in Fig. 8 . Such cooperative binding would tend to concentrate large T antigen on one or a few DNA molecules, avoiding nonfunctional binding of a small number of monomers among several DNA molecules. This could be important to the efficiency of DNA replication in the beginning of the replication cycle, when small amounts of large T antigen are present. Large T antigen molecules bound to DNA then assemble into hexamers at site 1/2 in the presence of ATP, which presumably induces a conformational change in large T antigen favoring hexamer formation (27, 48, 59) . Hexamer assembly would be favored by the proximity of large T antigen molecules and their mutual interaction in the protein-DNA complex; they could therefore be "handed over" from sites A, B, and C, to which they are reversibly bound, to site 1/2, where hexamer formation occurs. When large T antigen is present at high concentrations, it could alternatively assemble directly from solution onto hexamers forming at site 1/2. A single hexamer is shown in Fig. 9 , reflecting our observation of enhanced DNase I protection by ATP at the center of site 1/2. It is not known whether a second hexamer can subsequently form adjacent to this hexamer, as with simian virus 40 (38, 58, 59) , or forms only after the displacement of this hexamer during unwinding and initiation of DNA replication. 
